Over the past years Shiga-like toxin-producing Escherichia coli (STEC) O157 :H7 emerged as an important cause of severe gastrointestinal illnesses and haemolytic-uraemic syndrome (HUS) with up to 10 % of children infected with STEC developing HUS. We conducted a geographical ecological study using the district as the statistical unit. For each district, we estimated the incidence of HUS among children <15 years for the period 1996-2001 from national HUS surveillance data and data obtained on cattle density. We used multivariate Poisson regression to quantify the relation, adjusted for covariates, between paediatric HUS incidence and exposure to cattle. In univariate analysis, a positive association was observed between several cattle-density indicators and HUS incidence. In multivariate analysis, HUS paediatric incidence was associated with dairy cattle density and the ratio of calves to children <15 years (P<0 . 001). Our findings are consistent with previous studies in other countries and support the recommendation to limit exposure of children to dairy cattle and manure to reduce the risk of STEC infection.
INTRODUCTION
Over the past 20 years, Shiga-like toxin-producing Escherichia coli (STEC) O157 :H7 have emerged as an important cause of severe gastrointestinal illness [1, 2] . The clinical spectrum of STEC infection includes diarrhoea, haemorrhagic colitis, haemolytic-uraemic syndrome (HUS) and thrombotic thrombocytopaenic purpura. HUS, defined as the association of haemolytic anaemia with fragmented red blood cells, thrombocytopenia and acute renal insufficiency, develops in up to 10% of patients infected with STEC [3] . It usually occurs in young children and is the major cause of acute renal failure in children in western countries [1] .
The main reservoir for STEC is the intestine of healthy cattle, the carriage rate being greater in young animals than in older ones. Several reports indicate that other species such as sheep, deer and goat also harbour these organisms [4] . E. coli O157 :H7 can survive in cattle faeces and the environment for up to 18 weeks [5] . Transmission to humans occurs mainly through the consumption of undercooked beef meat [1] or unpasteurized dairy products [6] and direct contact with contaminated animals or their faeces [7] . Person-to-person spread in family households or institutional settings [8, 9] and ingestion of vegetables and water contaminated by cattle faeces has also been implicated [10, 11] .
In France, the majority of medical laboratories do not routinely examine stools for STEC, and STEC infections are not mandatory notifiable. Therefore, since 1996, the surveillance of STEC infections has been based on a nationwide surveillance system for HUS in children <15 years old. Thirty paediatric nephrology units in public hospitals notify HUS cases on a voluntary basis to the National Institute of Public Health (Institut de Veille Sanitaire) [12] . Every year less than 100 children mostly <3 years old develop HUS with a case-fatality ratio of <1% [2] . Most cases are sporadic and the majority is caused by E. coli O157 infection.
Recently, two Canadian ecological studies identified an association between different indicators of livestock farming intensity and incidence of human STEC infections in Ontario [13, 14] . In France, in a national case-control study conducted during 2000-2001 [15, 16] , personal contact with cattle was a significant risk factor for paediatric HUS but this was during the May-September period only (the period in which the highest incidence of E. coli O157 infections is observed in other countries) [13] . To explore further the risk of transmission from contact with cattle we conducted a geographical ecological study by analysing the association between district HUS incidence and cattle density.
MATERIALS AND METHODS

Study design
We used a geographical ecological study design in metropolitan France, the statistical unit being the district (there are 95 districts in metropolitan France).
Data sources
HUS district incidence
Data on HUS incidence were derived from the French national paediatric HUS surveillance system, a network of paediatric nephrology units of universityaffiliated and general hospitals. The system covers all of metropolitan France and is thought to be representative of HUS occurrence in France [12] . In this system, a case is defined as any person aged <15 years in whom a clinical diagnosis of HUS (sudden onset of haemolytic anaemia with renal failure) withprodromal diarrhoea has been made by a paediatrician nephrologist on the basis of microangiopathic haemolytic anaemia (haemoglobin <10 g/100 ml and schizocytosis o2 %) and renal failure (plasma creatinine >60 mmol/l if age <2 years, >70 mmol/l if age o2 years). Cases of HUS that occurred between 1996 and 2001 and that were reported to the national database were considered for inclusion in this study. Children who had travelled in the 15 days prior to onset, cases associated with Shigella or common source foodborne outbreaks were excluded. Secondary cases of an index case in a family or an institutional setting (e.g. nursery, day-care) were also excluded to limit the inclusion of paediatric HUS cases acquired by person-to-person transmission.
STEC infection was confirmed by the detection of antibodies against one or more of the 26 STEC serogroups (O1, O2, O4, O5, O9, O25, O26, O29, O55, O100, O103, O104, O105, O111, O112, O113, O115, O118, O127, O128, O136, O145, O153, O157, O163, O164).
The mean annual district incidence rate between 1996 and 2001 was standardized by age (<1, 2-4, 6-10, 11-15 years) by the direct method using the France metropolitan district of <15 years old distribution as reference, obtained from the Institut National des Statistiques et des Etudes Economique (INSEE).
Exposure variables
The cattle-density data were obtained from the annual census (1996-2001) of the French Agriculture Ministry (Ministe`re de l'Agriculture, de l'Alimentation, de la Peˆche et des Affaires Rurales). Meteorological data were collected from the Meteo France network during the study period. Latitude and longitude of each district county's centroid were provided by the National Geographic Institute.
Exposure indicators
Prevalence and excretion of STEC depend on cattle age and type of cattle production [17, 18] . Consequently, five different variables of cattle density were defined : total cattle density (total cattle/total cultivated area) ; dairy cattle density (total dairy cattle >1 year old/total cultivated area) ; beef cattle density (total beef cattle >1 year old/total cultivated area) ; calf density (total calves <1 year old/total cultivated area) ; total adult cattle (total adult cattle >1 year old/ total cultivated area).
Other indicators considered in the analysis included the ratio of calves to the population of children <15 years old and the proportion of cultivated land in a district (' rural degree '=total cultivated land/total surface). All cattle-density exposures were categorized into four classes according to quartile breaks.
Since the survival of STEC in the environment is influenced by climatic conditions [9] , we also included weather indicators as continuous variables in the analysis : the median annual district temperature and the median annual district precipitation. The geographical coordinates of each district county's centroid (latitude, longitude) were also included in the analysis to take into account a potential geographical gradient.
Statistical analysis
To study the relation between district incidence rate of paediatric HUS and cattle-density indicators we used the multiple Poisson regression model [19] . To compute expected paediatric HUS cases for each district, national rates for the whole population of children <15 years old for the same period were applied to the person-years of each district using a model equation with external standard rates. The standardized incidence ratio (SIR), i.e. the ratio of the observed to the expected number of incident cases was used to estimate the risk of HUS for the different exposure categories.
Univariate associations between each variable and the district incidence rate of paediatric HUS were examined by calculating univariate Poisson regression relative risk (RR) and their 95 % confidence intervals (CIs). Each cattle-density variable associated with paediatric HUS in univariate analysis with P<0 . 2 was introduced in a multivariate Poisson regression model with other variables that were associated with HUS (P<0 . 2). Latitude and longitude were both included in the multiple Poisson regression even if not statistically significant at the 0 . 2 level in order to maintain a symmetrical expression of the coordinate system [20] . Interaction effects were considered between longitude and latitude. The analysis was performed using Egret software [21] .
RESULTS
Number and characteristics of cases
A total of 451 cases of paediatric HUS that occurred during the period 1996-2001 were included in the study with a mean annual rate of 0 . 6 cases/100 000 children aged <15 years. The number of cases by district varied from 0 to 45 cases (median 5 cases) ; no cases were recorded in 12 districts (Fig. 1) . About half of the cases (47 . 2 %) had occurred during the summer months (June-September). Diarrhoea was bloody in 253 (59 . 9 %) of the 422 patients for whom the information was available. Three (0 . 7%) of the 451 cases died. In total, 391 (86 . 7 %) of the 451 patients were tested serologically. Antibodies against one or more of the 26 serogroups tested were found in 221 (56 . 5%) of these 391 patients. Antibodies against serogroup O157 [alone or in association with antibodies against (an)other serogroup(s)] were found in 204 cases (92 . 3 % of cases who tested positive).
Univariate analysis
In univariate analysis, all variables but longitude were associated (P<0 . 05) with paediatric HUS and the unadjusted RR for the total cattle density, the calves f1 year old density and the cattle >1 year old density increased for each additional level of exposure (Tables 1 and 2 ).
Multivariate analysis
Because all cattle-density variables were very much collinear (r>0 . 80, data not shown), we considered three distinct models of cattle-density variables adjusted for other variables : (1) the total cattledensity model ; (2) the beef cattle-density and dairy cattle-density model and (3) the ratio of calves to the population of children <15 years old model. All saturated models included the rural degree and weather variables as well as latitude and longitude. In the first final model, cattle density was not associated with paediatric HUS incidence rate (P=0 . 21), but the rural degree was (RR 1 . 07, 95 % CI 1 . 01-1 . 15). In the second model only dairy cattle density (Fig. 2 ) remained associated with paediatric HUS incidence ( Table 3 ). The third model indicated a significant association between the ratio of calves to the population of children <15 years old and paediatric HUS incidence (P<0 . 001, Table 4 ).
However, we note that the CIs of the coefficients (RR) for all densities greatly overlap.
DISCUSSION
In this geographical ecological study, we have found a significant positive association between several cattledensity variables and paediatric HUS in a univariate analysis. Two cattle-density variables remained significant in the multivariate analysis but we note that the CIs of the coefficients (RR) for all densities greatly overlap. Ecological studies, in which the unit of analysis is a population or a group of persons, offer many advantages [22] [23] [24] : they are less expensive and take less time than studies in which the data are gathered for each individual included. Even a small increase in risk can be detected in ecological studies because it is often feasible to study large populations. However, ecological studies have limitations, the 'ecological bias ' or 'ecological fallacy ' being the major one. The ecological fallacy results from making a causal inference about individual phenomena on the basis of observations of groups [23] . In ecological studies, the use of aggregated or grouped rather than individual data makes it difficult to establish the individual link between the exposure and the outcome [23] . This bias results from two components : (1) aggregation bias -due to the grouping of individuals ; and (2) specification bias -due to the confounding effect of the ' group ' itself [23] . Another limitation of ecological studies is the difficulty of taking into account confounding factors in the analysis. The introduction of a geographical gradient in a multiple Poisson regression model reduces strong spatial correlation and can also be considered as a proxy of other confounding variables [17] . In our study we did not take the migration bias into account [22] . Migration bias refers to the fact that migration within, into or out of each study population group is related to the factor of interest and such migration distorts the assessment 
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0·29-0·90 Fig. 2 . Yearly dairy cattle density per hectare of cultivated area (total dairy cattle/total cultivated area), France, 1996 France, -2001 of the relationship between the exposure and outcome of interest [22] . This bias may affect the validity of ecological studies for long latency disease which does not apply for paediatric HUS for which the incubation period is around 1 week. Another problem with ecological analysis is that some of the exposure variables (i.e. the cattle-density indicators) are so highly correlated that it becomes difficult or impossible to distinguish their individual influences on the outcome variable which can interfere with the interpretation of multiple regression results. Multicollinearity is most problematic for ecological studies involving geographically defined units of analysis that are large and/or few in number [23] , which is to some extent the case in our study. Because the number of paediatric HUS cases is limited we could not use a smaller level of geographical analysis such as the county or the zip code, as done previously in a study of legionellosis in France [24] . Poisson regression is now used routinely for ecological analysis (particularly in cancer epidemiology) [17, 20, 24] , but for infectious diseases, this method is often inappropriate because of the non-independence of events due to person-to-person transmission [17] . In this study, we have reduced this potential problem by excluding paediatric HUS cases related to personto-person transmission.
Recently, two Canadian ecological studies tested several livestock density indicators and demonstrated a spatial association between the incidence of human STEC infection and cattle density [13, 14] . One study showed that the highest r 2 alue model was the one that included the ratio of adult beef cattle to human population, while we found only dairy cattle to be associated with paediatric HUS. We also found a signifiant association between the ratio of calves to children <15 years old population and paediatric HUS incidence, although the RR did not increase linearly with increased exposure (Table 4 ). The differences found in other studies between production group cattle (adult dairy or adult beef) may reflect differences in study design and the way data on cattle are collected as well as differences in STEC excretion rates. Comparisons between STEC excretion rates in international studies are difficult because North American and European cow-calves production differs greatly. Consequently, the cattle prevalence data published in a North American country cannot be compared to European data without explanation [18] . In our study, the association between adult dairy cattle density and paediatric HUS incidence may be attributed to dairy cattle industry management practices (increased size of the dairy industry, manure practices, etc.) ; or differences in the diet of dairy and beef cattle. Acid resistance of some STEC may influence their transmission from cattle to humans and a recent study suggests than cattle fed mostly grain had a lower colonic pH value and more acid-resistant STEC that cattle fed only hay [25] .
In this study, we also introduced different weather indicators (median annual district temperature and median annual district rainfall) because these variables may influence the transmission of STEC as suggested by the seasonal fluctuation of HUS. In 2000 in Ontario floods were believed to have contaminated a water supply with manure and STEC [9] . However, our results failed to show any association for these two variables and HUS incidence in the multivariate analysis.
In conclusion, the results of our geographical ecological study suggest that paediatric HUS incidence is associated with dairy cattle and calves density. These findings are consistent with several other studies in other countries and confirm the interest of limiting the exposure of children to cattle and their manure to reduce the occurrence of paediatric HUS in France.
